1 Some people who attempt to learn a second language in adulthood meet with greater success 2 than others. The causes driving these individual differences in second language learning skill 3 continue to be debated. In particular, it remains controversial whether robust auditory perception 4 can provide an advantage for non-native speech perception. Here, we tested English speech 5 perception in native Japanese speakers through the use of frequency following responses, the 6 evoked gamma band response, and behavioral measurements. Participants whose neural 7 responses featured less timing jitter from trial to trial performed better on perception of English 8 consonants than participants with more variable neural timing. Moreover, this neural metric 9 predicted consonant perception to a greater extent than did age of arrival and length of residence 10 in the UK, and neural jitter predicted independent variance in consonant perception after these 11 demographic variables were accounted for. Thus, difficulties with auditory perception may be one 12 source of problems learning second languages in adulthood.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
This link between speech sound discrimination and individual differences in non-native speech 41 perception has been replicated across languages (Garcia-Sierra et al., 2011; Jakoby et al., 2011;  sound and reflects early auditory processing in the brainstem and cortex (Coffey et al., 2016) . The FFR features high test-retest reliability (Hornickel et al. 2012 ) and reflects neural origins in the 48 brainstem and cortex (Coffey et al., 2016) , making it an excellent measure of the robustness of M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
Participants then hear a list of sentences and are asked to circle the word that they heard. Finally, 81 participants listen to a short story and are given a written version of the story that includes 42 82 underlined words. Participants are asked to circle any of the underlined words that are 83 mispronounced. 
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Etymotic ER-II earphones in alternating polarity at 80 +/-1 dB SPL to both ears with an inter-108 onset interval of 251 ms. 6300 trials were collected for each stimulus, and stimuli were presented M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
data was organized into epochs 40 ms before through 210 ms after the onset of the stimulus and 120 baseline corrected. To ensure against contamination by electrical noise a second-order IIR notch and epochs exceeding +/-100 µV were rejected as artifacts. The first 2,500 artifact-free responses 124 to each stimulus polarity then were selected for further analysis. 
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To investigate the precision of neural sound encoding we calculated inter-trial phase-locking. This 127 measure involves calculating the phase consistency at a particular frequency across trials and, 128 therefore, no averaging is necessary. This procedure provides information similar to spectral 129 analysis of average waveforms, but with a higher signal-to-noise ratio and less susceptibility to 
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First we tested whether the ability to discriminate English consonants was related to our neural 162 measures. Better performance (greater proportion correct items) on the consonant discrimination 163 items of the Phonology Test was associated with greater phase-locking to F0 (R 2 =.379, 164 F(1,23)=14.03, p=.001) and with greater phase-locking within the gamma band (R 2 =.21,
165
F(1,23)=6.11, p=.021). Vowel errors were not associated with F0 phase locking (R 2 =.053, 166 F(1,23)=1.30, p=.27) or gamma phase locking (R 2 =.000), and phase-locking to the harmonics (H2-167 H6) did not correlate with performance on consonant items (R 2 =.03, F(1,23)=.78, p=.34) or vowel 168 items (R 2 =.025, F(1,23)=.059, p=.45). The correlation between phase-locking at F0 and consonant 169 perception was significantly greater than the correlation with vowel perception (T=2.76, p=.011); 170 similarly, the correlation between gamma phase-locking and consonant performance was 171 significantly greater than the correlation with vowel perception (T=2.95, p =.007). The correlation 172 between consonant perception and phase-locking at F0 was significantly greater than the 173 correlation with phase-locking at the higher harmonics (T=2.81, p =.01). Figure 2 English consonant perception should also relate to F0-phase-locking in the response to the vowel, 185 which contained formant frequencies appropriate for a Japanese [a] (Nishi et al., 2008) . We found 186 that F0 phase-locking in the response to the consonant (10-80 ms) correlated with performance 187 on consonant items (R 2 = 0.426, p = 0.001). F0 phase-locking in the response to the vowel (80-188 170) also correlated with performance on consonant items (R 2 = 0.260, p = 0.009). Moreover, the 189 relationship between consonant perception and F0 phase-locking did not significantly differ 190 between these two portions of the response (T=0.97, p = 0.34).
191
To further test whether confounding effects of language experience could explain our results, showing that this same neural metric can also explain individual differences in non-native speech 243 perception, even after language experience is accounted for. Hornickel and Kraus (2013) 244 demonstrated that the inter-trial consistency of the FFR is linked to individual differences in 245 language skills in school-age children; here we show that precise neural encoding of sound is 246 linked to successful adult language learning as well. Chandrasekaran et al. (2012) showed that the 247 robustness of FFR pitch encoding can predict subsequent short-term learning of lexical tones; 248 here we show that FFR phase-locking is linked to long-term language learning of non-tonal speech 249 sounds.
250
What is the mechanism underlying this relationship between FFR phase-locking and non-native 251 speech perception ability? One possibility is that FFR phase-locking reflects the precision of 252 temporal perception. FFR phase-locking has been linked to the ability to precisely synchronize 253 movements with sound onsets (Tierney and Kraus, 2013, 2016; Woodruff Carr et al., 2016) . This 254 suggests that precise tracking of sound timing relies upon consistent auditory neural timing, as 255 synchronization places stringent demands upon the precision of auditory time perception (on the 256 order of a few milliseconds; Repp, 2000) . The ability to track sound timing is also vital for speech 257 perception, as the temporal information contained in the speech envelope contains information 258 relevant to speech sound discrimination (Rosen, 1992) ; in fact, discrimination of speech sounds is 259 possible even if spectral information is greatly reduced (Shannon et al., 1995) . Moreover, non-260 native speech perception may rely more upon temporal information than does native speech 261 perception. For example, Japanese adults have a strong bias towards the use of temporal 262 information such as closure duration and formant transition duration when distinguishing [la] and
263
[ra], whereas native English speakers rely more heavily upon the frequency of the third formant 264 (Iverson et al., 2005) .
265
We replicate the finding of Krizman et al. (2012) that F0 encoding in the FFR is related to degree 266 of bilingual experience but encoding of the harmonics is not. Moreover, we show that phase-267 locking at the F0 but not the harmonics is also linked to non-native speech perception ability. The 268 specificity of this relationship was predicted based on these previous findings, but the underlying 269 mechanism remains unclear. One possibility is that this result reflects a relationship between non-270 native speech perception ability and cortical auditory encoding. There is strong evidence that 271 frequency-following responses at 250 Hz and above are generated within the auditory brainstem,
272
as cooling the inferior colliculus in cats abolishes the scalp-recorded FFR (Smith et al. 1975 ) and 273 patients with inferior colliculus lesions do not display an FFR (Sohmer et al. 1977) . However, both 274 of these studies included no stimuli below 250 Hz, and recent work has suggested that the FFR at 275 100 Hz is generated within multiple sources, including both cortical and subcortical regions 276 (Coffey et al., 2016) . Thus, the higher frequencies of the FFR may reflect a greater contribution 277 from more peripheral areas such as the inferior colliculus, as generally the upper limit of phase-278 locking to sound is lower in more central structures (Joris et al., 2004) . Our finding of a M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT cannot be properly evaluated by the current study; however, it could be tested by future work examining FFR phase-locking and non-native speech perception using MEG. language learning difficulties have less phase-locked gamma band onset responses to sounds 286 presented with a short inter-stimulus interval (ISI). Here we find that degree of gamma phase-287 locking is linked to non-native speech perception. Given that our stimuli were presented with a 288 short ISI, this could reflect an impaired ability to process rapidly presented sounds on the part of 289 the participants who struggled to learn to perceive English. Future work could examine this 290 hypothesis by examining links between non-native speech perception and gamma phase-locking 291 to stimuli presented at different ISIs. This enhanced gamma phase-locking in participants better 292 able to perceive English may also reflect greater recruitment of speech processing resources in 293 response to synthesized English speech sounds in these participants, as gamma phase-locking has 294 been shown to be greater for speech stimuli as compared to non-speech stimuli (Palva et al., 295 2002) . This would be consistent with fMRI evidence showing that subjects who are better at 296 learning novel speech sounds display more STG activity when passively listening to speech sounds 297 (Archila-Suerte et al., 2016) . Finally, gamma phase-locking has also been hypothesized to be an is carried within the delta and theta bands. Greater gamma phase-locking in the participants who 301 were better able to perceive English speech may, therefore, indicate more precise neural 302 encoding of the timing of the speech envelope. This interpretation is supported by our finding 303 that gamma phase-locking was correlated with FFR phase-locking.
304
One limitation of this work is that it is difficult to rule out the possibility that the link between 305 neural sound encoding and non-native speech perceptual ability is driven by experiential factors.
306
Time spent in the United Kingdom, for example, was linked to both F0 phase-locking and English 307 perception, a relationship which is likely contributing to the link between F0 phase-locking and 308 speech perception performance. However, the relationship between neural sound encoding and 309 non-native speech perception held even after time in the UK and age of arrival were controlled 310 for, suggesting that this relationship partially reflects the dependence of successful non-native 311 language learning on auditory skills. Moreover, the relationship between non-native speech 312 perception and F0 phase-locking held both for the neural response to the consonant, which did 313 not overlap with any Japanese speech sound category, and the response to the vowel, which 314 contained formant frequencies similar to those of the Japanese [a] (Nishi et al. 2008 ).
315
Nevertheless, in a retrospective study it is difficult to account for all possible confounding 316 experiential factors. This limitation could be addressed in future work in which participants are tested prior to beginning study of a foreign language for the first time or through the use of very 
